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Abstract 

o 

A cold relic axion condensate resulting from vacuum misalignment in the early universe 
oscillates with a frequency ~ m a , where m a is the axion mass. We summarize how the 
properties of photons propagating in such a medium are modified. Although the effects 
are small due to the magnitude of the axion-photon coupling, some consequences are 
striking. 
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Q ■ 1 Introduction 

Cold relic axions resulting from vacuum misalignment in the early universe is a valid candidate 
for dark matter pQ. In this model, a coherent spatially constant axion field (it may be a Peccei- 
Quinn axion [2] or a similar field) acquires a mass m a once instanton effects set in to find 
itself, in general, not in the minimum of the potential. In late times, the axion field oscillates, 
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a(t) = aocosm a t, (1) 

and the energy density stored in these oscillations is p ~ a o m a' contributing to the energy 
budget. 

Axions affect photons in a universal way, described by C a -yy 
Popular models such as DFSZ and KSVZ [3] all give g a77 ~ 1. Using (pQ) this becomes 

£cry7 — 9a77 V COs(?71 a i) 6 A^Fj}.. 
7T f a 

Note that the above term is Lorentz non- invariant. 

A natural question is whether and how the presence of this axion background could be 
detected thus making the cold axion hypothesis plausible. Three possible effects are proposed: 
(1) Cold axions influence cosmic ray propagation and induce photon Bremsstrahlung; (2) Cold 
axions induce an additional rotation in the polarization plane of light (on top of the familiar 
one [1]); and (3) Some photon wave-lengths are forbidden in a universe filled with cold axions. 

In this talk we shall concentrate mostly on points (2) and (3). Point (1) has been discussed 
in detail in [5]. In order to determine the properties of photons in such a medium we need 
to solve the equation of motion in momentum space 

g Xv {k 2 - m 2 7 ) +ie x ™P Va kp] A x (k) = 0. (2) 
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where rj a ~ d a a = 5^a. Two complex and space-like chiral polarization vectors £±(k) can be 
defined (see [B]). 

Let us now assume that we are dealing with photons of momenta |k| ^> m a . Then it 
makes sense to treat in ([2]) the axion background adiabatically with r\ a = {tjo, 0,0,0) where 
t]q can be taken as approximately constant, and t/q = 2g a77 ^ ao J l%a . The two polarization 
vectors are solutions of the vector field equations if and only if 

A:^ = (w k± ,k) a; k± = Jk 2 + m 2 ± ?/o|k|. (3) 

The astrophysical and observational bounds indicate that t]q < 10~ 20 eV. The situation when 
|k| < m a will be discussed later. 



2 Bremsstrahlung 

The process p(p) — > p(p — k)7(k) (or e — > e^) is possible in a Lorentz-violating theory. 
The cold axion background provides the necessary source of Lorentz non-invariance. Cosmic 
rays can lose energy due to the radiation of photons while preserving momentum and energy 
conservation thanks to eq. (J3j) . The differential decay width for the process is [5] 

dT(Q) = ^-P-J—(-p ■ k + |p| 2 sin 2 0)d|k|, 
2 |p| Eujk 

and in the relevant limit E <C m 2 /|r/o| we have 

dE ar]%E 2 E(0) 
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dx Am 2 p ' l + ^E(0)x 

From the likely detection of extragalactic cosmic rays we can get a model independent bound 
rjo < 10~ 15 eV f a > 100 GeV (i.e. exclude weak scale axions in a completely model 
independent way). 

However the total amount of energy loss fos a cosmic ray is very low. It is therefore more 
meaningful to look for the radiated photons. Those emitted from electrons have a spectrum 
which is different from the overwhelming galactic synchrotron radiation background. Several 
hypothetical ways of detecting this radiation are discussed in [5]. 

3 Exotic rotation of the polarization plane 

In order to find the effect of axions on the photon propagator one has to consider: 

— A constant magnetic field (well known result). For simplicity we shall assume h-B = 0. 

- The cold axion background (new). 
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Figure 1: Propagator in the cold axion background and the magnetic field 
The photon propagator for k • B = is (b = 29 ^y a B) 
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Then, for a photon plane wave initially with an electric field forming an angle /3 with B, the 
plane of polarization rotates as 

[l + 2/(x)]sin2/3 + 377o|x|cos2/3 fr 4 2 2 

W " 4/^) + [l + 4/(x)]cos2/3-3r ? o|rc|sin2/3' /W ~ 16m 4 ol 1 ' 

and the expected value for the angle is 

1 [1 + 2/(x)l sin 2/3 + 37/01x1 008 2,5 
a. = . 

2 [l + 4/(x)]+4/(x)cos2£ 

The rotation survives even without magnetic field and the effect is independent of the fre- 
quency. Note that the previous results hold only for table-top experiments when the photon 
can approximately be considered an eigenstate of energy, i.e. for a period where the time- 
of-flight of the photon is smaller than 2ir/m a . We have not considered the relevance of the 
effect when the latter condition is not fulfilled. It is clear, however, that then the effect of 
the cold axion background has to be proportional to r/g instead of 770- 



4 What if |k| < m a ? Forbidden wavelengths 

As mentioned in the introduction, a{t) changes sign with a period 2ir/m a and this is now 
relevant. Let us approximate the sinusoidal variation by a triangle wave (see [2]) and solve 
exactly for the propagating modes. The equation for A u (t,k) is 



Figure 2: Triangle wave versus sine 



A u (t,k) = 0. A u (t,k)= h(t)e„{k,\). 

A=+ - 

We now write f(t) = e~ lut g{t) and demand that g(t) have the same periodicity as rj(t) = 
r/o sin(m a i) . This requires 

cos(2a;T) = cos(aT) cos(/3T) — sin(aT) sin(/3T), T = , a, /3 = \/k 2 ± rjok. 

2ap M a 

For 770 = 7/ max <C 777, a there is no relevant variation with respect to the decay rate computed 
assuming |k| >> m a is found, and this can be understood intuitively. However if r]o/m a 
grows there is a surprise; some values of |k| admit no solution for cj We arrive then at the 
striking conclusion that in a universe filled with cold axions oscillating with a period 27r/m a 
some wavelengths are forbidden by a mechanism that is similar to the one preventing some 
energies from existing in a semiconductor. Of course the width of the forbidden bands is very 
narrow (proportional to 7/0), hence difficult to detect. Further details can be found in [7 J 



g< xv {dl + P)-ie^'q a kp 
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Figure 3: Forbidden wavenumbers 
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